The process of signal transduction responsible for the phorbol 12-myristate 13-acetate mediated increase in the colony-forming potential of murine (CBA) bone marrow cells was studied using known modulators of the mitogenic signal. Pretreatment of cells for 60 minutes with staurosporine (1 μηιοΙ/1), an inhibitor of protein kinase C, completely prevented colony formation in the control group of cells and significantly reduced the number of colonies formed in the phorbol ester-treated group. Brief exposure (60 min) of cells to the phospholipase A 2 inhibitors, mepacrine (500 μιηοΐ/ΐ) and heparin (1 g/1), reduced the number of colonies formed in the control group and completely abolished the increase in the number of colonies formed after treatment of the cells with phorbol ester. When inhibitors of protein kinase C or phospholipase A 2 were present during the entire period of the colony forming assay (7 days), no colonies could be scored in either the control or phorbol ester-treated groups of bone marrow cells. Long-term treatment or temporary exposure (60 min) of cells to indomethacin (50 μπιοΙ/1), an inhibitor of cyclooxygenase, or nordihydroguaiaretic acid (50 μπιοΐ/ΐ), an inhibitor of lipoxygenase, had no effect on colony formation in both groups. Pretreatment of cells for 45 min with calcium ionophore A23187 (10 μιηοΐ/ΐ) failed to increase the number of colonies, compared with the control group. Moreover, simultaneous treatment of cells for 45 min with phorbol ester (500 nmol/1) and A23187 (10 μιηοΐ/ΐ) did not produce any further increase in the number of colonies, compared with the phorbol ester-treated group, suggesting that elevation of intracellular calcium is unimportant in the phorbol ester-mediated response. Dibutyryl cyclic adenosine monophosphate (50 μιηοΐ/ΐ) in the presence or absence of phorbol ester, failed to stimulate colony formation, indicating that cyclic AMP-dependent protein kinases are not involved in the signalling process. Temporary exposure (75 min) of bone marrow cells to okadaic acid (1 μπιοΐ/l), a potent inhibitor of serine/ threonine phosphatases, or to tyrphostine AG-115 (20 μηιοΙ/1), a tyrosine kinase inhibitor, did not effect colony growth in the control or phorbol ester-treated group. The results indicate that phospholipase A 2 activation is involved in the phorbol ester-mediated increase in colony formation, since, of the different agents applied, only staurosporine, an inhibitor of protein kinase C, and mepacrine and heparin, putative inhibitors of phospholipase A 2 , were capable of abolishing phorbol ester-mediated effects.
Introduction
Haematoppiesis provides an example of a precisely reg-committed progenitor cells of every major haemopoietic ulated hierarchical system in which multipotential stem class can be induced to proliferate in agar cultures and cells continuously produce mature blood cells via a to generate colonies of differentiating progeny cells. Alseries of progressively lineage-restricted progenitor cell though many of these haematopoietic growth factors populations. Using specific colony stimulating factors, have now been purified to homogeneity and their genes cloned, postreceptor signalling events elicited by the occupation of their respective receptors are only partially described (1, 2) . Phorbol 12-myristate 13-acetate has been found to induce some myeloid leukaemic cells to differentiate along the monocyte-macrophage pathway (3) , and to modulate the in vitro proliferation and differentiation of normal erythroid and granulocytic-monocytic progenitor cells (4, 5) . Phorbol esters exert their effects on cellular function by activating protein kinase C, a family of calcium, phospholipid-dependent protein kinases, which are also activated by some haematopoietic cytokines. This model has therefore proved useful for determining the role of protein kinase C in the growth, development and lineage commitment of haematopoietic progenitor cells (6) .
Our previous study (7) focused on the downstream effects of the phorbol ester-mediated activation of protein kinase C in bone marrow cells. The results showed the phorbol ester increased particulate phospholipase A 2 activity and that this effect was abolished by pretreatment of cells with mepacrine and heparin. Phorbol ester did not influence [Ca 2+ ]i homeostasis, phospholipase C or phospholipase D activity, or the concentration of cAMP, despite the existence of systems, including leukaemic haematopoietic cells, where 'crosstalk' between these signalling pathways has been shown to be modulated by protein kinase C (6, 8) . Treatment of cells with phorbol ester increased the amount of membrane bound α, β, δ, ε, and ζ isoforms. Pretreatment with mepacrine and heparin reduced the amount of membrane bound protein kinase C-ζ in unstimulated cells and diminished the phorbol ester-induced translocation of protein kinase C-ζ to the membranes without affecting other protein kinase C isoforms. In conclusion, our previous study suggested that in bone marrow cells the phorbol ester-mediated activation of conventional and novel protein kinases C led to phospholipase A 2 activation which in turn affects protein kinase C-ζ. This signalling pathway appears to be mitogenic for bone marrow cells, since inhibition of protein kinases C by staurosporine, or inhibition of phospholipase A 2 by heparin and mepacrine diminishes the ability of bone marrow cells to form colonies in vitro (7) .
The present study concerns the short-and long-term effects of agents, known to be involved in the modulation of the mitogenic signal (9), on the transduction pathway responsible for increased colony formation after the preincubation of cells with phorbol ester.
Materials and Methods

Materials and animals
Reagents were obtained from the following sources: Iscove's modified Dulbecco's medium (IMDM), phorbol ester, 4a-phorbol ester, A23187, mepacrine, heparin, nordihydroguaiaretic acid, staurosporine, dibutyryl-cAMP, okadaic acid from Sigma, St. /1) were incubated at 37 °C with phorbol ester and/or different inhibitors. Cells were washed and resuspended, and the concentration was adjusted to 1 X 10 9 /1; an aliquot (0.1 ml) of this suspension was mixed with 1 ml of MethoCult M3430. Methylcellulose cell-suspensions were equally divided between two 24 well-plates. After 7 days incubation at 37 °C in a humidified atmosphere of 5% CO 2 in air, discrete cellular aggregates of > 50 cells were scored as colonies, using an inverted microscope at 25 X magnification. To assess the ability of phorbol ester to promote colony formation in the absence of colony-stimulating factors, bone marrow cells were plated in 0.9% methylcellulose in Iscove's modified DMEM containing 20% foetal calf serum with or without 20% pokeweed mitogen spleen conditioned medium.
Pokeweed mitogen spleen conditioned medium
Media conditioned by splenocytes in the presence of pokeweedmitogen was made according to methods previously described (10) . Briefly, splenocyte suspensions form the CBA mice were incubated at a cell concentration of 5 X 10 9 /1 in Iscove's medium containing 20% foetal calf serum and 5 mg/1 pokeweed mitogen. After seven days incubation at 37 °C, 5% CO 2 , the supernatant was removed, centrifuged at 550 g for 10 minutes, passed through a 0.22 μηι filter, and stored at -20 °C until use. Each preparation of pokeweed mitogen spleen conditioned medium was tested in methylcellulose-based assay for murine colony formation.
Statistical evaluation
The data are shown as means ± S. E. M. For statistical analyses Student's t test for unpaired samples at the level of significance of 0.05 was used.
Results
Unseparated bone marrow cells form colonies in the M3430 conditioned medium after 7 days of incubation. Although provided with an optimal level of colony stimulating factors, cells could be induced to form significantly more colonies by stimulation with phorbol ester. Brief (45 min) exposure of bone marrow cells to phorbol ester (5-500 nmol/1) caused dose-dependent stimulation of colony formation (results not shown). In order to investigate the effect of phorbol ester on unseparated bone marrow cells in the absence of colony-stimulating factors, cells were plated without added sources of colony stimulating activity. In the absence of pokeweed mitogen spleen conditioned medium, colony formation was not observed. When the cells were grown in the methylcellulose colony forming assay in the presence of phorbol ester (500 nmol/1) alone, no colonies were seen at either 7 or 14 days of incubation. In the presence of pokeweed mitogen spleen conditioned medium, phorbol ester (500 nmol/1) caused a significant increase in the number of colonies (results not shown), similar to those observed in the M3430 conditioned medium.
Temporary exposure (45 min) of marrow cells to phorbol ester (500 nmolA), followed by repeated centrifugations and resuspensions in fresh culture medium, was sufficient to produce a stimulation of colonies comparable to that observed after continuous exposure to the same concentration of phorbol ester (figs. 1 and 3). Brief (45 min) preincubation of bone marrow cells with 4a-phorbol ester (500 nmol/1), an inactive analogue of phorbol ester, did not influence the number of colonies formed, compared with control cells ( fig.  1 ). On the other hand, brief exposure of bone marrow cells to staurosporine (1 μιηοΐ), an inhibitor of protein kinase C (11), completely prevented colony formation in the control group of cells and significantly reduced the number of colonies formed in the phorbol estertreated group ( fig. 1 ). When staurosporine (1 μπιοΐ/ΐ) was present during the entire period of the colony forming assay (7 days), no colonies could be scored in both groups ( fig. 3 ).
Our previous study demonstrated clearly that phorbol ester (500 nmol/1) increased particulate phospholipase A 2 activity, formation of lyso-phosphatidylcholine and arachidonic acid release in bone marrow cells. These effects were abolished by pretreatment of the cells with the combination of putative phospholipase A 2 inhibitors. When applied together, mepacrine (500 μπιοΐ/ΐ) and heparin (1 g/1), inhibited more than 80% of initially measured particulate phospholipase A 2 activity in untreated cells. While indomethacin (50 μπιοΐ/ΐ) and nordihydroguaiaretic acid (50 μπιοΐ/ΐ) inhibited the cyclooxygenase or lipoxygenase pathway, respectively, of arachidonic acid metabolism (as measured by their products, prostaglandin E 2 and leukotriene B 4 ), they did not influence phorbol ester-mediated phospholipase A 2 activation or translocation of protein kinase C from the soluble to particulate fraction (7) . As shown in figure 2, brief exposure of cells to phospholipase A 2 inhibitors reduced the number of colonies formed in the control group and completely abolished the increase in the number of colonies formed after treatment with phorbol ester. When inhibitors were present during the entire period of the colony forming assay (7 days), no colonies could be 1 The effect of short-term exposure of murine bone marrow to phorbol ester, 4a-phorbol ester and staurosporine on colony formation. Bone marrow cells were treated for 45 min with phorbol ester (500 nmol/1) and 4a-phorbol ester (500 nmol/1) and for 60 min with staurosporine (1 μηηοΙ/1). A group of cells was pretreated for 15 min with staurosporine (1 μτηοΐ/ΐ) and then stimulated with phorbol ester (500 nmol/1) for 45 min. After the preincubation, the cells were washed and plated as described in the Materials and Methods. After 7 days incubation the number of colonies scored in control wells varied from 20 to 75 (mean value 42 ± 6, the number of cell preparations = 7). Results are expressed as a percentage of the number of colonies formed by control cells in the Methocult M3430 conditioned medium and are the mean ± S. E. M. of at least three different experiments performed in duplicate. * Statistically significant difference (P < 0.05, Student's t test) from control. ** Statistically significant difference from phorbol ester-treated. scored in either control or phorbol ester-treated groups of bone marrow cells ( fig. 3 ). Temporary exposure (60 min) of cells to indomethacin (50 jimol/1) or nordihydroguaiaretic acid (50 μιηοΐ/ΐ) had no effect on colony formation ( fig. 2 ). Long-term treatment of cells with either cyclooxygenase or lipoxygenase inhibitors did not influence the ability of bone marrow cells to form colonies in vitro in both control and phorbol ester-treated groups ( fig. 3 ).
Our previous study ruled out the possible involvement of the cAMP/protein kinase A system in phorbol estermediated signalling in bone marrow cells, because no increase in the level of cAMP was observed when cells were treated with phorbol ester (7) . To test the possible effect of dibutyryl-cAMP on control cells or the possible synergistic effect with phorbol ester, cells were exposed for 45 min to the combination of dibutyryl-cAMP (50 μηιοΐ/ΐ) and phorbol ester (500 nmol/1), or to dibutyryl- The intracellular signals triggered by inositol trisphosphate and diacylglycerol can be independently mimicked by calcium ionophores (such as A23187) and phorbol ester, respectively. A23187 causes an increase in intracellular Ca 2+ and phorbol ester; although it does not provoke a significant increase in Ca 2+ it increases the affinity of protein kinase C for calcium (8) . We have previously shown that treatment of unseparated murine bone marrow cells with phorbol ester (500 nmol/1) did not result in any significant increase in the concentration of intracellular calcium over a period of 45 min (7) . To explore the possibility of synergism between phorbol ester and A23187 in increasing the colony-forming ability of bone marrow cells, cells were simultaneously treated for 45 min with phorbol ester (500 nmol/1) and A23187 (10 μηιοΐ/l). As shown in figure 4 , the treatment of cells with the combination of agents mentioned above did not cause any further increase in the number of colonies. Furthermore, there were no differehfces in the number of colonies formed by control cells or cells stimulated for 45 min ionophore alone (fig. 4) .
Pretreatment of cells for 75 min with tyrphostine AG-115 (20 μηιοΐ/l), a tyrosine kinase inhibitor (12), had no effect on the colony-forming potential of either control or phorbol ester-stimulated cells (fig. 4) . Temporary exposure (75 min) of bone marrow cells to okadaic acid (1 μιηοΐ/ΐ), a potent inhibitor of serine/threonine phosphatases (13), did not effect colony growth in either the control or phorbol ester-treated group (fig. 4) .
Discussion
Short-term (45 min) exposure of unseparated bone marrow cells to 500 nmol/1 phorbol ester, as well as continuous exposure to the same concentration of phorbol ester, significantly increased the number of colonies formed in the M3430 conditioned medium. However, the growth of granulocyte-macrophage colonies was completely dependent on the presence of colony stimulating factors, since no colony formation was observed in the presence of phorbol ester alone. Although previous results suggested that a limited degree of cell proliferation can be promoted by protein kinase C activation, the proliferative response is not maintained over the several cell divisions required for colony formation (14) .
The ability of the phorbol esters to promote colony formation was tested on the unfractionated bone marrow which is composed mainly of mature, accessory cells with only a minor proportion of committed progenitor cells. Therefore, the effect of phorbol ester may be attributable, at least in part, to the ability of protein kinase C activators to stimulate the production of colony-stimulating factors from accessory cells, such as fibroblasts and macrophages (15, 16) . However, the results of studies done in the presence of neutralising antibodies to colony-stimulating factors, or on highly enriched population of granulocyte/macrophage colony-forming cells, are compatible with a direct mode of action of phorbol ester on progenitor cells (14, 17) . In our study, phorbol ester-mediated stimulation of colony formation under conditions which have already provided cells with an optimal level of cytokines could not be ascribed merely fo the stimulation of colony-stimulating factor production by accessory cells. It seems much more likely that phorbol ester-mediated activation of protein kinase Ik ni π Fig. 3 The effect of long-term exposure of murine bone marrow cells to different inhibitors on colony formation by control and phorbol ester-stimulated cells. Bone marrow cells were treated for 45 min with phorbol ester (500 nmol/1), for 60 min with mepacrine (500 μηιοΐ/ΐ) plus heparin (1 g/1), or with indomethacin (50 μπιοΐ/ΐ), or with nordihydroguaiaretic acid (50 μιηοΐ/ΐ). Other bone marrow cells were pretreated for 15 min with mepacrine (500 umol/l) plus heparin (1 g/1), or with indomethacin (50 μιηοΐ/), or with nor-dihydroguaiaretic acid (50 uinol/l), then stimulated with phorbol ester (500 nmol/1) for 45 min. After incubation, cells were washed, mixed with Methocult 3430 and the agents were added in concentrations equal to those used during pretreatment. After 7 days incubation the number of colonies scored in control wells varied from 18 to 151 (mean value 57 ± 9, the number of cell preparations = 13). All other details are as described in Materials and Methods and the legend to the figure 1.
Πι Fig. 4 The effect of short-term exposure of murine bone marrow cells to dibutyryl-cAMP, A23187, tyrphostine AG-115 and okadaic acid on colony formation by control and phorbol ester-stimulated cells. Bone marrow cells were treated for 45 min with phorbol ester (500 nmol/1), dibutyryl-cAMP (50 μπιοΐ/ΐ), or A23187 (10 μιηοΐ/ΐ) and for 75 min with tyrphostine AG-115 (20 μιηοΐ/ΐ) or okadaic acid (1 μπιοΐ/ΐ). The effects of agents on phorbol ester-stimulated cells were tested by pretreating cells for 30 min with tyrphostine AG-115 (20 μιηοΐ/ΐ) or with okadaic acid (1 μιηοΐ/ΐ), then stimulating with phorbol ester (500 nmol/1) for 45 min. Dibutyryl-CAMP (50 μιηοΐ/ΐ) and A23187 (10 μηαοΐ/ΐ) were added to cells with 500 nmol/1 phorbol ester for 45 min. After the preincubation, the cells were washed and plated as described in Materials and Methods. After 7 days incubation the number of colonies scored in control wells varied from 19 to 86 (mean value 52 ± 4, the number of cell preparations = 12). All other details are as described in the legend to the figure 1.
C acts by permitting an otherwise unresponsive subpopulation of progenitor cells to form colonies in response to these cytokines.
The growth and development of colonies in semisolid cultures involve several processes dependent on the presence of growth factors; survival or prevention of apoptosis, proliferation, irreversible commitment of multipotential progenitors to individual lineages and terminal differentiation into mature blood cells (1, 2) . In this respect, it has been previously demonstrated that protein kinase C can influence the commitment of myeloid progenitor cells, leading to macrophage development. A highly enriched population of murine granulocyte/macrqphage colony-forming cells was stimulated with an optimal level of interleukin-6 or granulocyte colony-stimulating factor, which are factors with relatively poor colony-stimulating activity on granulocyte/ macrophage colony-forming cells. In such cell populations, phorbol ester markedly elevated the number of colonies, and altered the types of mature cells from mature neutrophilic cells to a mixture consisting predominantly of macrophages (14) . The activation of protein kinase C is involved in transduction of signals initiated by macrophage colony-stimulating factor, interleukin-3 and granulocyte/macrophage colony-stimulating factor, while there is no evidence to suggest that stem cell factor or granulocyte colony-stimulating factor, which are responsible for neutrophil development, can activate protein kinase C (18, 20) . There may therefore be an important role for protein kinase C in commitment and lineage restriction decisions in a population of progenitor cells (14, 20) .
Phorbol ester can also induce cells from various leukaemic cells lines (HL-60, U937) to mature into non-dividing macrophage-like cells, and studies on signalling process responsible for phorbol ester-mediated differentia-tion have observed the activation of cytosolic phospholipase A 2 and the concomitant release of arachidonic acid (21) . The results from our previous studies confirmed the importance of phospholipase A 2 activation for phorbol ester-mediated increase in colony formation, since inhibitors of phospholipase A 2 were as effective as staurosporine in inhibiting the phorbol ester-mediated effects on colony formation. Furthermore, the continuous exposure to inhibitors completely prevented colony formation in both control and phorbol ester-treated groups. Despite observations that arachidonic acid metabolites play numerous roles in the regulation of haematopoiesis, neither the short-term nor long-term exposure of cells to indomethacin and nordihydroguaiaretic acid have effects on the colony growth of control or phorbol ester-stimulated cells ( figs. 2 and 4) . Arachidonic acid metabolites, such as prostaglandin E 2 (PGE 2 ), mono-hydroxyeicosatetraenoic acid and leukotrienes, have been implicated in the modulation of the colony formation of both erythroid and myeloid progenitor cells and in differentiation processes of leukaemic cell lines (22) . Both stimulatory and inhibitory effects of prostaglandins E and leukotrienes have been observed, depending on the incubation techniques, types and concentrations of colony-stimulating factors and different, and sometimes unphysiologically high, concentrations of agents used (22) (23) (24) .
Tyrosine phosphorylation is a crucial signal in the transduction of the mitogenic message delivered by the majority of haematopoietic cytokines and precedes the activation of phospholipase C and the subsequent production of diacylglycerol and activation of protein kinase C. All the members of the large haematopoietic cytokine receptor superfamily belong either to a group of receptors with intrinsic tyrosine-kinase activity or recruit one of the cytosolic tyrosine kinases which might in turn activate phospholipase C-γ (9) . Tyrphostins are the large family of synthetic tyrosine kinase inhibitors expressing high specificity toward cell lines (25) , and requiring an extended period of incubation (even hours) to achieve maximal inhibitory effect (26) . Somogyi et al. (12) previously showed that tyrphostine AG-115 was effective in inhibiting the activity of cytoplasmic tyrosine kinases associated with the integrin receptor. In the present study, we have ruled out the possible involvement of tyrosine phosphorylation in signalling process responsible for increased colony formation after the short-term preincubation of cells with phorbol ester. Although protein kinase C is one of the major mediators of signals generated when haematopoietic cytokines bind to their receptors, phorbol ester-mediated activation of protein kinase C obviously by-passes early signalling processes initiated after binding of physiological regulators of proliferation and differentiation. For downstream effects of activated protein kinase C, tyrosine phosphorylation seems not to be crucial.
The short-term pretreatment of bone marrow cells with okadaic acid (1 μιηοΐ/ΐ) had no effect on colony formation. The concentration used is well within the range shown by other investigators to exert maximal effects on various cell lines (27) (28) (29) , including the inhibition of proliferation in leukaemic HL-60 and U927 lines (30) . Okadaic acid is a potent inhibitor of protein phosphatases 2A and 1, two of the four major protein phosphatases in the cytosol of eukaryotic cells that dephosphorylate phosphoserine and phosphothreonine residues. Because substrates of protein kinase C are primarily dephosphorylated by phosphatases 1 and 2A, the effects of okadaic acid could reflect the existence of constitutively active protein kinase C. Although phorbol ester and okadaic acid have similar effects on intracellular pH in rat thymic lymphocytes (27) or the level of epidermal growth factor (EGF)-receptor phosphorylation (28), the substrates or signalling pathways are not necessarily identical. Okadaic acid was found to enhance the stimulatory effects of phorbol ester on phosphatidylcholine synthesis in NIH 3T3 fibroblasts, but the effect was observed only with suboptimal concentrations of phorbol ester (29) .
We have previously shown that the phorbol ester-stimulation of bone marrow cells was not associated with the elevation of cAMP. To further elucidate the role of cAMP and protein kinase A on phorbol ester-mediated signalling, we investigated the effects of short-time exposure of bone marrow cells to 50 μιηοΐ/l dibutyrylcAMP, an agent that mimicks cellular effects of cyclic AMP. No effects on the colony-forming potential of either control or phorbol ester-stimulated cells were observed. Similarly, the results obtained with the highly enriched population of granulocyte/macrophage colonyforming cells (31) confirmed that there was no role for cAMP in the stimulation of granulocyte/macrophage colony-forming cells proliferation, either in the presence or absence of myeloid growth factors. However, recent findings suggest that the activation of the cAMP/protein kinase A signalling pathway may be involved in the granulocyte colony-stimulating factor-mediated proliferation of murine myeloblastic NFS-60 cells, whereas interleukin-3-dependent proliferation is not mediated in this way (32) . Brief exposure of the human promyelocytic leukaemia cell line HL-60 to dibutyryl-cAMP induced the cells to differentiate along a, myelocytic pathway (33) . Although the previous data exclude the role of cAMP/protein kinase A as the common signal associated with proliferation or macrophage development, it may represent one of the early biochemical events required for lineage-restricted development, resulting in the formation of mature neutrophils. The agonist-stimulated signals associated with a specific developmental response in haemopoietic progenitor cells must be different, in order to elicit distinctive lineage commitment (34).
In summary, the present study provides further information with regard to the intracellular mechanism(s) involved in phorbol ester-mediated signalling in bone marrow cells. The results from our studies clearly demonstrated the importance of phospholipase A 2 activation for the phorbol ester-mediated increase in colony formation. Thus, among the different agents applied, only staurosporine, an inhibitor of protein kinase C, and mepacrine and heparin, putative inhibitors of phospholipase A 2 , were capable of abolishing the effects of phorbol ester and permitting colony formation after continuous expsoure to inhibitors.
